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(57) Abstract 

The invention 
provides a device for 
obtaining an improved 
efficiency in a photo-voltaic, 
nano-structured, dye 
sensitized cell structure, 
comprising a photo-active 
working electrode (WEI), a 
counter electrode (WE2) and 
an electrolyte (5) arranged 
therebetween. The cell 
structure thereby forms 
a tandem cell in that the 
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counter electrode also is | g> j f 

a photo-active electrode, 

whereby the photo-active jg" j j 

working electrode and/or o, . j. 

the photo-active electrode q i [ HOM02 

are built on a transparent § ^mmmmm . j 

substrate. Furthermore, ST VB i | 

both the photo-active 2. j | g* jl.V/Volts 

working electrode and 
the photo-active electrode 
are made of porous 
nano-structured film and 
the photo-active working 

electrode is dye sensitized with a first dye (Dyel). The first dye is selected such that the electron injection into the working electrode is 
so fast that the red-form of a redox-couple in the electrolyte as fast as possible replaces an injected electron. The second dye (Dye2) is 
selected such that it has a long lived excited state. In this case the material in the counter electrode is comprised of a semi-conductor 
having a large band-gap. In an alternative embodiment, the working electrode is dye sensitized corresponding to the first embodiment, 
whereas the counter electrode is comprised of a semi-conductor with a band-gap having absorption in the visible and/or infra red region, 
whereby the light absorption in this electrode is further enhanced by a dye having been adsorbed onto the surface of said electrode. 
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DYE SENSITIZED NANO-STRUCTURED PHOTO-VOLTAIC TANDEM CELL 

The present invention relates to a photo-voltaic cell, in particular one having a cell structure 
comprising two electrodes with an electrolyte located there between, and where at least one of 
5 the electrodes has an active surface in the form of a dye sensitized nano-structured film. 

Background of the Invention 

Photo-voltaic cell, commonly referred to as solar cells, have a potential of having a 

1 0 breakthrough on the energy market for the generation of electricity directly from the sun light. 
The critical factor will be the cost at which the energy generated by the sun can be produced. 
During the entire post-war era the solar cell technology has been developed and the cost per 
kWh has been reduced. Solar cells at prices accepted by the market for the production of 
electricity are today available only in special fields of use. For a more general utilization of 

1 5 electrical power produced by solar cells, cheaper and more efficient solar cells are required. 
The traditional solar cells are based on either a Schottky-barrier between a metal and a semi- 
conductor, or on a so called p-n junction in one and the same semi-conductor material. A 
photo-voltage and a current is generated on illumination of the Schottky-barrier or the p-n 
junction alternatively. The early variants of such cells were based on crystalline materials. 

20 High purity was necessary in order to achieve a high efficiency. However, crystalline systems 
become expensive and they can today for economic reasons not be employed in large scale 
generation of electrical power. To overcome this problem a number of different solar cells 
have been developed in thin film technology. The most well known and promising cells are 
constructed from amorphous silicon. The amorphous silicon solar cells have been possible to 

25 handle by creating cells made up of several thin layers, doped as p-i-n, where "i" stands for 
intrinsic (undoped) layer. By stacking several, up to three, p-i-n structures above each other 
better stability as well as higher efficiency have been achieved. After an initial period of 
deterioration, the efficiency stabilizes around 10%. Another route to high efficiency is offered 
by thin films of binary or ternary, highly absorbing chalcogenides, usually selenides and 

30 tellurides, e.g. cadmium selenide (CdSe), cadmium telluride (CdTe) and copper indium di- 
selenide (CuInSe2). The cadmium compounds are questioned, but CuInSe2 cells, often 
referred to as CIS cells, are regarded as promising. Sometimes they have gallium added in 
order to optimize the band gap, and are then referred to as (CIGS). For the optimization of the 
efficiency the CIS and CIGS are provided with a thin layer of cadmium sulfide (CdS). Cells 

35 of this type can have efficiencies of up to 17% under 1,0 sun (AM 1). Modules having up to 
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12% sun light efficiency have been built. The technology is developing. Attempts are made to 
eliminate the CdS layer, which is environmentally less desirable. 

A new line of development in the context of solar cells, is the nano-structured, dye-sensitized 
5 solar cells. Often the abbreviation DSC is used (Dye Sensitized Solar cell).The development 
of DSC gained momentum in the early 90's, primarily by the efforts made by M. Gratzel at 
EPFL in Lausanne, Switzerland (see EP-A-0 333 641, WO 95/18456, US-A-5,350,644, US- 
A-5,525,544, US-A-5 ,44 1,827, alia Gratzel et al). Cells of this type are known since the late 
70's, when they were studied e.g. by a number of Japanese researcher. The function of DSC 
1 0 differs significantly from the classical Schotty-barrier cells with junction of the p-n or p-i-n 
type. Such a cell comprises a working electrode, an electrolyte and a counter electrode. The 
working electrode is sensitized with a dye, to render it photo-active in the visible spectrum 
(sun light). 

15 This dye sensitized, nano-porous, nano-crystalline (or nano-structured) thin film solar cell, 
presented by O'Reagan and Gratzel in Nature 1991, thus has a photo-active anode and a 
passive cathode, only serving to in an efficient way regenerate the redox-species that is 
oxidized at the sensitized, nano-structured photo anode. 

20 This type of cell usually reaches cell efficiencies of 6-9%, although 1 1% has been reported. 
The upper theoretical limit is about 30%. 

A possibility to increase the efficiency would be to combine the Gratzel/O' Reagan cell with a 
photo-active cathode of a p-type poly-crystalline or single-crystalline semi-conductor, with a 
25 low band-gap. Example thereof could be p-CdSe, p-CdTe, p-InP etc. However, these semi- 
conductors are unstable in most electrolytes. 

On illumination a photo-voltage may be registered at the terminal connections of the cell, and 
if the circuit is closed with an external lead, an electrical work can be performed externally of 

30 the cell. The maximum value of the photo-voltage, Uoc, is the difference between the energy 
level of the redox couple in the solution, and the level of the conduction band. The photo- 
current will be directly dependent on the number of absorbed photons, resulting in the 
injection of electrons in the conduction band, and on any losses of electrons back to the 
electrolyte, which take place during the transport thereof towards the back contact. The 

35 primary drawback with prior art solar cells, briefly described above, is in practice their low 
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_ efficiency. Thus, there is a desire for further developments and improvements of the existing 
technology in order to achieve better and more efficient solar cells, for enabling to a greater 
extent the utilization thereof within the continuously growing filed of electronic equipment. 

5 Summary of the Invention 

The object of the invention is to provide a thin film solar cell having a higher photo voltage, 
and thereby a higher efficiency. This is achieved by a dye sensitized solar cell of the tandem 
type, wherein both the anode and the cathode are photo-active and wherein at least one 
10 electrode, preferably both, are dye sensitized. The invention is defined in claim 1. 

The theoretical efficiency for this cell is about 45%. 

For the case wherein both electrodes are dye sensitized, the valence band of the photo-active 
1 5 cathode is at an energy level which is above the HOMO level (Highest Occupied Molecular 
Orbital) for the dye with which the cathode has been sensitized. 

The conduction band of the anode lies at a level which is below the LUMO level (Lowest 
Occupied Molecular Orbital) for the dye with which the anode has been sensitized. 

20 

Furthermore, the HOMO level of the dye for the anode is lower than the level of the redox- 
couple, and the LUMO level of the cathode is higher than the level of the redox-couple. The 
cell structure according to the present invention thereby forms a tandem cell, in that the 
counter electrode also constitutes a photo-active electrode, whereby the photo-active working 

25 electrode and/or the photo-active electrode is made up on a transparent substrate. Also, both 
the photo-active working electrode and the photo-active electrode comprise porous, nano- 
structured film. In one embodiment the photo-active electrodes are dye sensitized with a first 
and a second dye, respectively. The first dye is selected such that the electron injection into 
the working electrode is so fast, that the red-form of a redox-couple in the electrolyte, as fast 

30 as possible replaces an injected electron. The other dye is selected to have a long lived excited 
state. In this case the material in the counter electrode is a semi-conductor having a large 
band-gap. In a second embodiment the working electrode is dye sensitized, corresponding to 
the first embodiment, whereas the counter electrode comprises a semi-conductor having a 
band-gap absorbing in the visible and/or infrared range, whereby the light absorption in this 

35 electrode is further enhanced by a dye, absorbed onto the surface of said electrode. 
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Embodiments of the invention are defined in claims 2-16. 
Brief Description of the Drawings 

5 

The invention will be illustrated with reference to drawings in the form of a number of 
figures, wherein 

Figure 1 shows a cross section through a prior art sandwich cell of the DSC type, 

10 

Figure 2a shows a cross section through a DSC, which also shows, on a vertical scale, the 
energetic relations between semi-conductor, dye and electrolyte, 

Figure 2b shows schematically the spectral light absorption for the dye and the semi- 
1 5 conductor material in the prior art DSC type, 

Figure 3 shows a cross section through a prototype of a sandwich cell of the TDSC type in 
accordance with the invention, 

20 Figure 4a shows another cross section through TDSC according to the invention, showing on 
the vertical scale the energetic relations between semi-conductor, dye and electrolyte, 

Figure 4b shows schematically the spectral light absorption in the first and second dye 
respectively, and in the semi-conductor materials for the embodiment disclosed in Figure 4a, 

25 

Figure 5a shows cross section through a further embodiment a TDSC in accordance with the 
invention, 

Figure 5b shows schematically the spectral light absorption in the first and second dye 
30 respectively, and in the semi-conductor materials for the embodiment disclosed in Figure 5a, 

Figure 6 shows iV characteristics for a dye sensitized NiO electrode in three electrode set-up 
vs Ag/AgCl electrode, 

35 Figure 7a shows iV characteristics of a dye sensitized Ti02 electrode, 
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_ Figure 7b shows iV characteristics of a dye sensitized NiO electrode, 

Figure 7c shows iV characteristics of a tandem cell comprising a dye sensitized TiC>2 
electrode and a dye sensitized NiO electrode. 

5 

Description of Preferred Embodiments 

Figure 1 shows schematically the design of a DSC. There are three essential components in 
such a DSC, a working electrode WE, an electrolyte 5 and a counter electrode CE. The 

10 working electrode e.g. comprises transparent carrier substrate Imade of glass or plastics, 
having a transparent thin film back contact 2, made e.g. of Sn0 2 (F). The thin film (of the 
order 1-10 ]im) comprises sintered oxide particles 3 covered by a mono-layer of a dye 4. The 
electrolyte 5 comprises a redox-system with suitable redox-couples. The counter electrode CE 
comprises a catalytic layer 8 on a transparent or opaque conducting film 9 on glass 1 0 or on 

1 5 an opaque conducting substrate. The most efficient redox-system used today is the 

iodine/iodide system. The redox-system performs the charge transport between the two 
electrodes. One of the electrodes, which is a passive electrode, is here referred to as the 
counter electrode CE. The active electrode WE is constructed of a film, typically 5-10 nm 
thick, of a so called nano-structured material, i.e. a porous material of particles having 

20 dimensions in the nanometer range. 

The particles are sintered together to a solid film (if the material is comprised of nano-rods the 
rods may preferably be oriented perpendicularly against the underlying film, with the same 
dimension as the film thickness). It is essential that the cross section at right angles to the film 

25 will have a very large internal surface. The film is located on a conducting transparent 

substrate, e.g. of Sn02(f), ITO or the like, which in its turn is located on a transparent carrier 
material, e.g. glass or plastics. For achieving efficient current collection, a metal mesh can be 
place under, in or on the conducting transparent film. The nano-structure in the active film 
can be comprised of a semi-conductor or an insulator, e.g. an oxide having a large band-gap. 

30 A common oxide in this connection is TiC>2. The oxide particles (or rods) are sintered together 
to a porous matrix. 



35 



The porosity is typically about 50%, which means that the electrolyte can penetrate the thin 
film all the way up to the conducting back contact. If the above mentioned oxide films are 
used, they will normally have their absorption in the UV range and cannot by themselves 
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_ catch any larger portion of the sun light. However, if the surface of the particles (rods) are 
dyed with a dye having its absorption in the visible part of the solar spectrum, the efficiency 
can be improved substantially. A DSC is obtained. DSC prototypes having efficiencies of up 
to 1% have been made in this way (see Gratzel). The reason that the cell works is i.a. that the 
5 inner surface of the nano-structured thin film on the active electrode is very large, typically 
1 000 times larger than the geometrically illuminated surface. Even a single mono-layer of dye 
molecules, sticking to the inner surface of the film, yields such a strong dying of the inner 
surfaces, that the dye will absorb the major part of the light around its absorption maximum. 
Thereby the number of photons that can be absorbed in the visible spectral range increases, 
1 0 and thus also the efficiency. 

Figure 2a shows in an energy diagram how the dye sensitized cell works energetically, and 
figure 2b shows schematically the spectral light absorption of the dye and the semi-conductor 
material SCI, respectively, in the described prior art DSC. In Figure 2a the left hand vertical 

1 5 axis corresponds to energy (E/eV), which can also be expressed as a potential (V) according 
to the right hand axis. In the working electrode WE, SCI indicates the nano-structured porous 
semi-conductor oxide, with the levels of the valence band VB and the conduction band CB 
inserted. Furthermore, the energy level of the dye Dye 1 is inserted. It is essential that the 
conduction band CB of the semi-conductor film is below the lowest unoccupied electronic 

20 energy level, LUMO, of the dye. Also, it is important that the energy level Ured/ox of the 
redox-couple energetically is above the highest occupied electron energy level HOMO. This 
is required in order to obtain a driving force for the electron transitions. 

A complete cycle for the motion of an electron through the cell will be as follows: upon 
25 photon excitation electrons will be lifted from the HOMO level of the dye to its LUMO level. 
The electrons in the LUMO level of the dye are injected into the conduction band of the oxide 
film, an extremely fast process with a half life of less than 100 femtoseconds. Therefrom they 
can pass out through the back contact and through an external lead transferred to the CE. This 
can be a relatively slow process with transit times in the millisecond range. At the CE they are 
30 received by the oxidized form (Ox) of the redox-couple which is in the electrolyte. Thereby 
the Ox is reduced and the red-form (Red) is obtained. Red moves, primarily by diffusion, 
through the electrolyte and returns the electrons to the photo-oxidized dye molecules. The 
electron cycle in the cell is thereby closed and a new can begin. 
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_ Figures 3-5 illustrate the principle of a dye sensitized tandem cell TDSC in accordance with 
the present invention. Figure 3 shows a cross section through a basic prototype of a sandwich 
cell of the TDSC type. In such a TDSC at least one electrode WEI or WE2 is built on a 
transparent substrate having a conducting transparent film. The figure shows a TDSC where 
5 both electrodes have transparent substrates with a conducting transparent film. 

Thus, in Figure 3 the counter electrode in the simple dye sensitized cell (see Figure 1) has 
been replaced by a photo-active electrode, WE2. WEI as well as WE2 thus are photo-active. 
This contributes to increase the cell efficiency. At least one of the electrodes is dye sensitized 

10 and built up of a porous, nano-structured film. This electrode will be designated WEI below. 
The function of WEI is identical to what has been disclosed above for WE of Figure 1. It is 
dye sensitized by a first dye. Thus, in a TDSC at least one electrode, WEI or WE2, are built 
on a transparent substrate having a conducting transparent film. If one of the electrodes is 
built on a transparent substrate with a conducting transparent film, sun light will impinge first 

15 on this electrode. 

In Figure 4a there is shown a cross section through a TDSC in accordance with the invention. 
Figure 4a shows on its vertical scale the energetic relations between semi-conductor, dye and 
electrolyte, all at the same time. On the left hand there is an axis for an energy scale (E/eV) 
20 and on the right hand an axis for a potential scale (V/Volts). For the working electrode, SCI is 
the nano-structured porous semi-conductor oxide, with the levels of the valence band VB and 
the conduction band CB inserted. Furthermore, the energy levels of the first dye, Dye 1 , are 
inserted whereby HOMO 1 represents the lower level and LUMO 1 represents the higher 
level. 

25 

In the electrolyte, Ered/Ox indicates the energy level of the redox-system. For the working 
electrode WE2, SC2 is a nano-structured porous semi-conductor oxide with a large band-gap, 
and with the levels of the valence band VE and of the conduction band CB inserted. The 
energy levels for the second dye, Dye2, are inserted in a way corresponding to the first dye, 
30 whereby HOM02 represents the lower level and LUM02 represents the higher level. The 
electron transport after photo-excitation with photon energies hvi and hv2 are indicated with 
electrons c e\ and by direction arrows placed adjacent *e\ 

In Figure 4b there is shown schematically the spectral light absorption in the first dye, Dyel, 
35 and in the second dye, Dye2, as well as in the two semi-conductor materials SCI and SC2, in 
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this exemplifying embodiment of the TDSC. Note that SC2 also has its absorption in the UV 
range. 

In the same way Figure 5a shows a corresponding cross section through a TDSC. Fgiure 5a is 
5 essentially the same as Figure 4a, but with an altered working electrode WE2. SC2 constitutes 
a nano-structured porous semi-conductor oxide with a long band-gap, and with the levels of 
the valence band VB and the conduction band CB inserted. The electron transport after photo- 
excitation with photon energies hvi and hv 2 are indicated with electrons *e\ and by direction 
arrows placed adjacent V. The second dye and SC2 cooperate for increased photo current in 
10 WE2. 

Figure 5b shows schematically, corresponding to figure 4b, the spectral light absorption in the 
first dye, Dyel, and in the second dye, Dye2, as well as in the semi-conductor materials SCI 
and SC2, in this other embodiment of the TDSC according to the invention. Note that SC2 
1 5 now has its absorption in the visible and/or infra red range. 

If both WEI and WE2 are comprised of porous nano-structured films, two variants can be 
distinguished (See I and II below). Alternatively the porous film can be grown directly 
outwards from the underlying conducting substrate. This could have manufacturing 
20 technological advantages, since the film can be made at a low temperature. Cheap substrates 
of plastics will then become possible to use. 

I. The material in the particles in WE2 are comprised of a semi-conductor having a large 
band-gap (3 eV or higher), e.g. zink selenide (ZnSe), silicon carbide (SiC) or some other 

25 semi-conductor with a high band-gap, which in order to become photo-active must be dye 
sensitized. The principle is illustrated in Figures 4a and 4b. 

II. The material in the particles in WE2 are comprised of a semi-conductor having a band-gap 
which in itself has an efficient absorption in the visible and/or infra red spectral range. The 

30 principle is illustrated in Figures 5a and 5b, and the function of the two variants are describe 
in detail below. 



35 



L If WE2 is a porous nano-structured semi-conductor with a large band-gap, the intrinsic 
absorption of which is in the UV-range, WE2 must be dye sensitized in order that the light 
absorption of the electrode also take place in the visible and/or infra red range. Further, it is 
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- necessary that the energy levels of the second dye is correctly tuned against the energy levels 
in WE2, such that the HOMO level of the second dye is below VB of the semi-conductor 
material in WE2. Semi-conductor material in WE2 can advantageously be p-doped. The other 
energy levels of the dye sensitized electrodes WEI and WE2 must be tuned against the redox- 
5 couple that is active in the electrolyte. I.e., the energy level of the redox-couple must be below 
the LUMO level of the second dye, and above the HOMO level of the first dye. The principle 
for this type of cell in energetic terms is given in figure 4a. A schematic drawing of the 
spectral distribution of the absorption in a solar cell is given in Figure 4b. 

10 The most advantageous angle of incidence for sun light in this example is given in Figure 3. 
Since the TDSC cell involves two separate but coupled photon processes, it is essential for 
obtaining a high efficiency that the light absorption is adapted such that equal amounts of 
photons are absorbed in WEI and WE2, respectively. The validity of the requirement for 
equal numbers of absorbed photons at WEI and WE2, respectively, is most easily understood 

15 if it is assumed that there no losses whatsoever. In reality this condition is valid only if the 
losses of charge carriers during the transport thereof after respective photo-excitation are 
equally large. If the losses are different the TDSC device will be optimized with regard to 
this. 

20 WEI functions in principle in the same way as previously described under the heading 

"Background of the Invention": the first dye is selected such that the electron injection into 
the electrode material WEI is so fast as possible, and such that the red-form (Red) of the 
redox-couple will replace the injected electron as fast as possible. WE2 is characterized in that 
the second dye should have a long lived excited state, i.e. the electron should live long in the 

25 sLUMO level of the second dye molecule. This is achieved most easily if the second dye has 
a long lived triplet state, into which a singlet state will be quantitatively transformed after the 
photon energy has been absorbed in the second dye. Long life of the excited state is necessary 
in order that the second dye molecule will have time enough to donate its electron to the oxo 
form (Ox) of the redox-couple. 

30 

A complete cycle following the photon processes in a TDSC occurs according to the 
following scheme: 

At the WEI: 
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- - A photon is absorbed in the first dye, whereby an electron is raised in energy from the 
first HOMO 1 level to the first LUMO 1 level 
The electron is injected in SCI 

Red donates an electron to the LUMOl level in the photo-oxidized first dye 
5 - The electron in SC 1 reaches the back contact and passes through the external lead via an 
ohmic back contact to the VB of the nano- structured SC2 material 

At WE2 

10 - A photon is absorbed in the first dye, whereby an electron is raised in energy from the 

second HOMO level to the second LUM02 level 
The electron in the second LUM02 reduces Ox to Red 

An electron is transferred from the VB of SC2 to the HOM02 level of the second dye 

1 5 The maximum photo voltage in this type of TDSC is given by Uoc in Figure 4a, 

II. If WE2 is a semi-conductor with a band-gap having its absorption in the visible and/or 
infra red region, it can constitute a photo-active electrode, if its absorption spectrum and 
absorption is correctly tuned against the dye sensitized electrode WEI, and its other energy 

20 levels are tuned against the active redox-couple in the electrolyte, and the energy levels in 

WEI, although it is not dye sensitized. The material in the particles would then be comprised 
of some (intrinsic orp-doped) semi-conductor, e.g. GaAs, CdS, CdSe, CuInSe 2 , Fe 2 0 3 , which 
in themselves are capable of absorbing light in the visible and/or infra red range. The 
principle in energetic terms for this type of cell is given in Figure 5a. A schematic drawing of 

25 the spectral distribution of the absorption for a solar cell of this type is shown in Figure 5b. 
Also here it is essential that the light absorption is adapted such that an equal number of 
photons are absorbed in WEI and in WE2, respectively. However, also in this type of cell the 
light absorption in WE2 can be amplified by adsorbing a dye on the surface of the electrode. 
The discussion under I above regarding the mutual relation between energy levels, is 

30 applicable also in this type of solar cell. 

Under II above a case was discussed wherein WEI is dye sensitized and WE2 is a semi- 
conductor having a band-gap with absorption in the visible and/or infra red range. Of course it 
is possible to permute this condition, such that WE2 is the dye sensitized electrode and WEI 
35 is a semi-conductor having a band-gap in the visible and/or infra red range. 
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Independently of the type of tandem cell (I or II), a larger or smaller amount of dye can be 
adsorbed in a mono-layer to the inner surface of the electrode material, and in this way it is 
possible to tune WE2 against WEI such that the desired balance between the number of 
5 absorbed photons in the two photo-electrodes is obtained. The maximum value of the photo 
voltage Uoc TDSC is the difference between the energy levels VB in WWE2 and CB in WEI. 
One can thus expect a substantially higher photo voltage from a TDSC device compared to a 
prior art DSC device. 

10 EXAMPLE 1: 

In this Example a TDSC cell has a WEI electrode which is an electrode made of porous 
titanium dioxide (Ti0 2 ), dyed with a ruthenium dye, comprised of a ruthenium bis-pyridine 
complex of a known type. However, a large number of dyes are conceivable. Instead of a dye 

15 a very thin layer of a semi-conductor can be used. Such a semi-conductor is of course 

assumed to absorb in the visible and infra red part of the light spectrum. Functional groups 
binding to the titanium dioxide surface (e.g. phosphonyl groups or carboxyl groups — COOH), 
are covalently bound to at least one of the bipyridine ligands, according to known techniques, 
in order to obtain an efficient absorption of the dye to the particles of the titanium dioxide. 

20 The electrode WE2 is comprised of porous, nano-structured, p-doped silicon carbide (SiC), 

which has been dye sensitized with a dye (B) Ru(bpy)(Bpz)2, wherein bpy is bipyridine ligand 
and bpz is a bi(l,4)diazine ligand rutenium complex [Inorg. Chem. 22, (1983), 224], the 
HOMO level of which is below the valence band of the silicon carbide. For the electrolyte 
e.g. an iodine/iodide system (I2/O is used in the solvent acetonitril or some other 

25 correspondingly polar solvent. The total content of I2 is typically 50 mM and the total content 
of T is typically 1,0 M. 

EXAMPLE 2: 

30 The cell in this example is in all details as in the embodiment 1, but with the difference that 
the silicon carbide SiC has been replaced by zink selenide (ZnSe). 



35 
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_ EXAMPLE 3: 

The cell in this example is in all details as in the embodiment 1, but with the difference that 
the silicon carbide SiC has been replaced by nano-particles of Fe2C>3. 

5 

EXAMPLE 4: 

The cell in this example is in all details as in the embodiment 3, but with the addition that 
nano-crystalline rods of Fe2C>3 in the jum size constitute the active porous nano-structure in 
10 WE2. 

EXAMPLE 5: 

The cell in this example is in all details as in the embodiment 4, with the addition the nano- 
1 5 crystalline rods of Fe 2 03 are anisotropically arranged with an orientation at right angles to the 
plane of the substrate. 

EXAMPLE 6: 

20 The cell in this example is in all details as in the embodiments 3, 4 and 5, but the inner surface 
of the Fe2C>3 film is provided with a mono-layer of dye sensitizing substance. 

EXAMPLE 7: 

25 An electrode having a "p-type behavior" was made from a transparent substrate in the form of 
a glass plate having an electrically conducting coating, on which had been deposited nano- 
structured NiO. The average diameter of the particles were 10-20 nm. They were applied onto 
the glass substrate with a doctor blade technique, which is type of gel coat technique. A 
spacer (a few tens |Lxm thick) was glued in parallel along two edges of the conducting glass. A 

30 viscous solution containing the colloidal nano-particles was added. Excess solution was raked 
off. When the film had dried the spacer strips were removed and the film was sintered at 
about500°C. 

NiO is known as a semi-conductor with a large band-gap (3,6 - 4,0 eV) and has a tendency to 
35 exhibit "p-type behavior" as prepared. 
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EXAMPLE 8: 

The electrode from Example 6 was dye sensitized by coating it with tetrakis(4-carboxy- 
5 phenyl)porphyrin (TPPC). Also this electrode (in the same electrolyte) exhibits p-type 
behavior on illumination with 1000W solar simulator (lamp: Xenon). This is illustrated in 
Figure 6. 

EXAMPLE 9 

10 

The electrode from Example 8 was mounted as photo electrodes in a measurement set-up with 
a Pt electrode as a counter electrode. 

Figure 6b shows the iV characteristics for this nano-structured NiO electrode. The photo 
1 5 voltage is about 1 1 0 mV. 

In figure 6a is shown the iV characteristics for a TiC>2 electrode that has been sensitized with 
the dye N3 [((cis-bis(4 5 4'-dicarboxy-2,2'^ A 
photo voltage ("open circuit") of about 450 mV is obtained. 

20 

EXAMPLE 10: 

The electrodes tested separately in Example 9, are mounted in a tandem cell such that the NiO 
electrode functions as the cathode, and the Ti02 electrode as the anode. 

25 

The iV characteristics are shown in Figure 6c. It is clear that he photo voltage on illumination 
is additive such that the tandem cell obtains a higher photo voltage than the each electrode by 
itself. 

30 Although this photo voltage has not been optimized, it should be obvious that the invention is 
workable. Photo voltages of at least 1,5 V, preferably about 2,0 V are fully achievable using 
this principle. Other dyes are also conceivable, e.g. Erythrosin B. Further variations of the 
embodiments can be achieved by the skilled man by employing prior art teachings. Since each 
component in each individual electrode WEI and WE2, as well as the components in the 

35 electrolyte can be varied, the number of possible embodiments is large. Instead of Ti0 2 in 
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_ WEI, ZnO could e.g. be used. Instead of ruthenium polypyridine complexes, other dye 
categories could be used, e.g. porphyrins and phtalocyanines. Instead of the iodine-iodide 
system, other redox-systems could be used. Also the solvent for the electrolyte and the salts 
therein can be varied. The embodiments of Examples 1-10 above therefore should only be 
5 regarded as a few examples of different embodiments of a tandem cell according to the 
present invention. The TDSC device however, is always characterized by the general 
properties summarized under the description of the technology of the invention. 
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_ CLAIMS: 

1 . A photo-voltaic cell, comprising a first and a second nano-structured working electrode 
(WEI, WE2) and an electrolyte located between said electrodes and comprising a redox- 

5 couple, wherein 

the working electrodes have an energy level structure such that electrons are excitable 
from a level which is below the redox potential of the redox-couple in the electrolyte to a 
level which is above the redox potential, and wherein 

10 

at least one of the working electrodes (WEI) is a dye sensitized, nano-structured 
electrode. 

2. The cell according to claim 1, wherein both the first and the second working electrodes 
1 5 are dye sensitized, nano-structured electrodes. 

3. The cell according to claim 1, wherein the second working electrode is a nano- 
structured semi-conductor having a band-gap corresponding to absorption in the visible 
and/or infra red spectral region. 

20 

4. The cell according to claim 1, wherein the second working electrode is a dye sensitized, 
nano-structured electrode. 

5. The cell according to claim 2, wherein the second working electrode is a semi- 
25 conductor having a large band-gap, e.g. larger than 3 eV. 

6. The cell according to claim 5, wherein the second working electrode is selected from 
NiO, SiC, ZnSe and similar semi-conductors with a large band-gap. 

30 7. The cell according to claim 1, characterized in that the material in the photo-active 

working electrode (WE2) is comprised of particles of a material constituting a semi-conductor 
having a small band-gap, which itself has an efficient light absorption in the visible and/or 
infra red spectral region. 
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_ 8. The cell according to claim 7, characterized in that the semi-conductor in the second 
photo-active working electrode (WE2), having absorption in the visible and/or infra red 
spectral region, by dye sensitization has its absorption spectrum tuned against the dye 
sensitized first working electrode (WEI), and in that its energy levels are tuned against the 
5 active redox-couple in the electrolyte. 

9. The cell according to claim 1, characterized in that the electrolyte is an iodide-iodine 
system in a polar solvent, e.g. acetonitril or the like. 

10 10. The cell according to claim 1, characterized in that the material in the second photo- 
active working electrode (WE2) is comprised of porous, nano-structured, p-doped silicon 
carbide (SiC), which has been dye sensitized with a ruthenium complex of the composition 
Ru(bpy)(Bpz) 2 , wherein bpy is bipyridine ligand and bpz is a bi(l,4)diazine ligand, the 
HOMO level of which is below the valence band of the silicon carbide. 

15 

1 1 . The cell according to claim 1 , characterized in that the material in the second photo- 
active working electrode (WE2) is comprised of zink selenide, which has been dye sensitized 
with a ruthenium complex of the composition Ru(bpy)(Bpz)2, wherein bpy is bipyridine 
ligand and bpz is a bi(l ,4)diazine ligand, whereby the HOMO level of the ruthenium complex 

20 is below the valence band of the zink selenide. 

12. The cell according to claim 1, characterized in that the material in the second photo- 
active working electrode (WE2) is comprised of nano-particles of Fe203, which has been dye 
sensitized with a ruthenium complex of the composition Ru(bpy)(Bpz) 2 , wherein bpy is 

25 bipyridine ligand and bpz is a bi(l,4)diazine ligand, whereby the HOMO level of the 
ruthenium complex is below the valence band of Fe203. 

1 3 . The cell according to claim 1 5 characterized in that the material in the second photo- 
active working electrode (WE2) is comprised of nano-crystalline rods of Fe203, the length of 

30 which is in the jam range, which have been dye sensitized with a ruthenium complex of the 
composition Ru(bpy)(Bpz)2, wherein bpy is bipyridine ligand and bpz is a bi(l,4)diazine 
ligand, whereby the HOMO level of the ruthenium complex is below the valence band of 
Fe 2 03. 
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_ 14. The cell according to claim 13, wherein the nano-crystalline rods of FejOi are 
anisotropically arranged with an orientation at right angles to the plane of the substrate. 
15. The cell according to claim 1, wherein the first photo-active working electrode is a 
nano-structured TiC>2 electrode which has been sensitized with a ruthenium bispyridine 
5 complex, and wherein the second photo-active working electrode is a nano-structured NiO 
electrode which has been sensitized with tetrakis(4-carboxy)porphyrin (TPPC). 



16. The cell according to any preceding claim, wherein the dye/dyes used are selected from 
Erythrosin B, ((cis-bis(4,4'-dicarboxy-2,2'-bipyridine)-bis(isothiocyanato)ruthenium(II)) 
10 (N3), tetrakis(4-carboxy)porphyrin (TPPC) 1 . 
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